ABSTRACT: Effects of supplemental glucose and degradable intake protein on nutrient digestion and urea kinetics in steers (Bos taurus) given ad libitum access to prairie hay (4.7% CP) were quantifi ed. Six ruminally and duodenally cannulated steers (initial BW 391 kg) were used in a 4 × 4 Latin square with 2 extra steers. Treatments were arranged as a 2 × 2 factorial and included 0 or 1.2 kg of glucose and 240 or 480 g of casein dosed ruminally once daily. Each period included 9 d for adaptation, 4 d for total fecal and urine collections, and 1 d for ruminal and duodenal sampling. Jugular infusion of 15 N 15 N-urea with measurement of enrichment in urine was used to measure urea kinetics. Glucose reduced forage intake by 18% (P < 0.01), but casein did not affect forage intake (P = 0.69). Glucose depressed (P < 0.01) total tract NDF digestion. Glucose supplementation decreased ruminal pH 2 h after dosing, but the effect was negligible by 6 h (treatment × time; P = 0.01). Providing additional casein increased the ruminal concentration of NH 3 , but the increase was less when glucose was supplemented (casein × glucose; P < 0.01). Plasma urea-N was increased (P < 0.01) by additional casein but was reduced (P < 0.01) by glucose. Microbial N fl ow to the duodenum and retained N increased (P ≤ 0.01) as casein increased, but neither was affected by glucose supplementation. Urea-N entry rate increased (P = 0.03) 50% with increasing casein. Urinary urea-N excretion increased (P < 0.01) as casein increased. The proportion of urea production that was recycled to the gut decreased (P < 0.01) as casein increased. Glucose supplementation decreased (P < 0.01) urinary urea excretion but did not change (P ≥ 0.70) urea production or recycling. The amount of urea-N transferred to the gut and captured by ruminal microbes was less for steers receiving 480 g/d casein with no glucose than for the other 3 treatments (casein × glucose interaction, P = 0.05), which can be attributed to an excess of ruminally available N provided directly to the microbes from the supplement. Overall, the provision of supplemental glucose decreased forage intake and digestibility. Increasing supplemental casein from 240 to 480 g/d increased urea production but decreased the proportion of urea-N recycled to the gut.
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INTRODUCTION
Forage-fed cattle often consume insuffi cient energy because intake is limited by ruminal fi ll. Supplementation with nonstructural carbohydrates (NSC) has been investigated as a way to increase energy intake by forage-fed cattle, but this can decrease forage intake and digestion, particularly when ruminally available N is defi cient (Heldt et al., 1999) . Reduced forage use can result from N sequestration by NSCfermenting microbes that amplifi es limitations in ruminally available N for the fi ber-fermenting microbes. Kennedy et al. (1981) found that providing NSC to forage-fed sheep increased ruminal recycling of urea. Thus, NSC may increase ruminally available N via urea recycling even as it exacerbates a defi ciency of ruminally available N for the fi ber-fermenting microbes. Increases in urea recycling in response to NSC could be due to ruminal acidity induced by fermentation; this is a response that may allow temporal matching of recycled urea-N with rumen microbial needs (Abdoun et al., 2010) . Supplementation with NSC might also increase ruminal urea transport capacity via mechanisms linked to concentrations of ruminal ammonia or plasma urea (Harmeyer and Martens, 1980; Muscher et al., 2010) .
In this study, urea kinetics were measured in beef steers when degradable intake protein was supplemented in conjunction with NSC (i.e., glucose). Our hypotheses were that 1) NSC would induce a ruminal NH 3 defi ciency and depress forage intake and digestion, 2) increased provision of degradable intake protein would ameliorate the N defi ciency induced by NSC, and 3) NSC would stimulate urea recycling by reducing ruminal pH. In addition, the impact of physiological maturity on urea kinetics in cattle was assessed. A similar study was conducted using these cattle when they were less mature (Bailey et al., 2012) , which allowed comparison of results between physiological states. We hypothesized that urea recycling would be greater in more mature cattle because they would use less N for growth and more N for urea synthesis.
MATERIALS AND METHODS
All procedures involving the use of animals were approved by the Kansas State University Institutional Animal Care and Use Committee.
Six Angus-cross steers (initial BW = 391 ± 49 kg) with ruminal and proximal duodenal (double-L shaped; Streeter et al., 1991) cannulas were used in a 4 × 4 Latin square balanced for carry-over effects with 2 additional steers; treatment sequences for the additional steers were selected randomly from columns of a separate Latin square. Dietary treatments of protein and energy were arranged as a 2 × 2 factorial. Protein treatments were 240 (CAS240) or 480 g (CAS480) of casein (as fed; sodium caseinate, New Zealand Milk Products Inc., Auckland, New Zealand; Table 1 ) pulse dosed into the rumen once daily at 0630 h. Energy treatments were 0 (GLC0) or 1.2 kg (GLC1.2) of glucose (as fed; dextrose monohydrate, ADM Corn Processing, Decatur, IL; Table 1 ) pulse dosed into the rumen once daily at 0630 h. Treatments were similar on a BW basis to those described by Bailey et al. (2012) . All steers had ad libitum access to prairie hay (4.7% CP, 72% NDF; Table 1 ) fed at 115% of average voluntary intake over the previous 4 d.
The trial was conducted using methods described by Bailey et al. (2012) , except 1) indwelling jugular catheters, rather than ear catheters, were used to infuse 15 N 15 N-urea; and 2) the amount of 15 N 15 N-urea was increased to 0.72 g/d of 15 N 15 N-urea in 100 mL/d of sterile saline (0.9% NaCl) to account for the larger BW of the cattle.
In brief, each experimental period lasted 14 d, with 9 d for adaption to treatments and 5 d for sample collection.
Intake, digestion, and N balance were measured from d 10 through 13. Blood (10 mL) was collected by jugular venipuncture at 4 h after feeding on d 10. Intravenous infusion of 15 N 15 N-urea began on d 11 of each period and continued through the end of each period. Feces and urine collected from total fecal and urinary outputs on d 10 were used to measure background enrichments of 15 N. Fecal and urinary samples collected on d 13 (i.e., samples were collected from total fecal and urinary outputs from h 48 to h 72 of label infusion) were used to measure the 15N enrichments at plateau. This adaptation and sampling protocol was validated by Wickersham et al. (2009) . Urea kinetics were calculated using the methods of Lobley et al. (2000) .
On d 14 of each period, samples of ruminal and duodenal fl uid were collected every 4 h for 24 h beginning 2 h after feeding. Whole ruminal contents were collected from each animal to isolate ruminal bacteria and to evaluate ruminal fermentation. Nutrient fl ows to the duodenum were calculated with reference to acid detergent insoluble ash. Microbial-N fl ow to the duodenum was calculated by multiplying duodenal N fl ow by the ratio of duodenal 15 N enrichment to bacterial 15 N enrichment (Wickersham et al., 2009) . Microbial-N fl ow was also estimated from urinary purine derivative excretion using methods of Chen and Gomes (1992) . Microbial N derived from recycled urea was calculated by multiplying measured bacterial N fl ow by the ratio of bacterial 15 N enrichment to 15 N enrichment of urinary urea (Wickersham et al., 2009) .
All laboratory analyses and calculations were as described by Bailey et al. (2012) .
Statistical Analyses
Data from 2 periods were not obtained from 1 steer (for the CAS480/GLC0 and CAS480/GLC1.2 treatments) because of temporary problems related to the duodenal cannula. Data were analyzed as a Latin square with a factorial arrangement of treatments using the MIXED procedure (SAS Inst. Inc., Cary, NC). The statistical model included fi xed effects of glucose, casein, glucose × casein, and period. Steer was a random effect. Treatment means were calculated using the LSMEANS option. Ruminal fermentation parameters were analyzed as repeated measures with the model containing glucose, casein, glucose × casein, hour, hour × glucose, hour × casein, hour × glucose × casein, and period. Steer was included as a random term. The repeated term was hour, and steer × period served as the subject. Compound symmetry was the covariance structure. A split-plot analysis was used to compare the measured microbial N fl ow with the duodenum with values predicted by the equations of Chen and Gomes (1992) . The model included glucose, casein, glucose × casein, method, glucose × method, casein × method, glucose × casein × method, and period. Steer and steer × period × glucose × casein were included as random effects. Signifi cance was declared at P ≤ 0.05 and trends at 0.05 < P ≤ 0.10.
RESULTS AND DISCUSSION

Forage Intake and Digestibility
Supplemental glucose decreased (P < 0.01) forage OM intake but tended (P = 0.08) to increase total OM intake (Table 2) . Supplemental glucose increased (P = 0.04) true ruminal OM digestion 6 percentage units and also increased (P < 0.01) total tract OM digestibility by 5 percentage units, but total tract NDF digestibility decreased (P < 0.01) 8 percentage units when glucose was provided. The disparate effects of glucose on NDF and OM digestibilities occurred because glucose itself was readily digested and represented about 24% of total OM intake. Providing additional casein had no effect (P = 0.69) on forage intake and did not improve ruminal digestion of OM or NDF (P ≥ 0.16). Surprisingly, total tract digestion of NDF tended (P = 0.09) to be decreased by increasing casein supply.
On the basis of forage intake and fi ber digestion, the lesser amount of casein did not seem to limit forage utilization. Levels of supplemental casein were designed to maximize forage utilization (CAS480; Köster et al., 1996) or to be inadequate (CAS240) to allow urea recycling to be studied when ruminally available N was adequate or defi cient. However, forage intake by the steers in general was less than expected, which explains the less than expected requirement for supplemental N to maximize intake and digestion. The inability of increasing supplemental protein to improve forage intake and fi ber digestibility of steers receiving glucose suggests that factors beyond N defi ciency contributed to the glucose-induced depression in forage intake. This response is somewhat different that observed by Bailey et al. (2012) . In that study, some of the depression in fi ber digestion that resulted from glucose supplementation could be ameliorated by increasing the ruminal supply of degradable protein. The difference between studies may relate to the amount of glucose supplemented, because glucose supplementation levels in the study of Bailey et al. (2012) were one-half of those in this experiment. When ruminal pH decreases below 6.2, activity of fi ber-digesting bacteria is inhibited (Mould et al., 1983) . At 2 h after feeding, ruminal pH decreased to 5.2 for steers receiving GLC1.2 (Figure 1 ), but pH was similar between glucose treatments 6 h after feeding. In addition, ruminal pH was well above the threshold for optimal fi ber digestion from 6 to 24 h after feeding (Mould et al., 1983) . Heldt et al. (1999) observed a similar, transient decrease in ruminal pH when supplemental glucose was provided and concluded that temporarily depressed ruminal pH had little effect on fi ber digestion. Much of the glucoseinduced depression in forage intake and NDF digestibility may have been mediated through a carbohydrate-specific effect. Fiber-digesting bacteria can use glucose as an energy source, and Arroquy et al. (2005) demonstrated that preferential use of glucose and oligosaccharides can delay the hydrolysis of cellulose until the NSC source is depleted.
Glucose supplementation increased total digestible OM intake (P < 0.01) because the increased supply of readily digested glucose more than compensated for the depression in forage intake, and this response tended (casein × glucose, P = 0.10) to be greater for CAS480 than for CAS240 because total OM intake was numerically (P = 0.19) increased by greater casein supplementation for GLC1.2 but not for GLC0.
In contrast to the conclusion that CAS240 met the requirement for optimizing intake and digestion, data indicated that CAS240 was inadequate to maximize microbial growth. Microbial N fl ow to the duodenum increased when casein supply was increased (P = 0.01), and glucose numerically reduced microbial N fl ow for CAS240 but not for CAS480 (casein × glucose, P = 0.11; Table 3 ). In essence, GLC1.2 depressed microbial N fl ow when provided with CAS240, but CAS480 in the presence of GLC1.2 allowed microbial fl ow to recover to levels similar to those observed for GLC0. Thus, CAS240 was nearly adequate to maximize microbial growth in the absence of supplemental glucose, but was inadequate when glucose was supplemented, likely due to a defi ciency in ruminally available N.
Glucose supplementation decreased microbial efficiency (P = 0.04), whereas increasing the casein sup- on ruminal pH, acetate, propionate, and butyrate concentrations in steers fed prairie hay. Glucose was dosed once daily at feeding. Casein was also dosed ruminally at feeding in amounts of 240 or 480 g, and the results presented are the means of the casein treatments. No glucose× casein × hour interactions existed for pH, acetate, propionate, or butyrate. For pH: glucose × hour interaction, P < 0.01; SEM = 0.087.For acetate: glucose × hour interaction, P < 0.01; SEM = 4.3. For propionate: glucose × hour interaction, P < 0.01; SEM = 1.2. For butyrate: glucose × hour interaction, P < 0.01; SEM = 1.1. ply numerically increased it (P = 0.11). These changes, along with the treatment effects on OM intake and ruminal OM digestion, contributed to the observed differences in microbial N fl ow to the duodenum.
Total N fl ow to the duodenum followed a pattern similar to that for microbial N. Total duodenal N fl ow demonstrated (P = 0.02) an interaction between casein and glucose because glucose supplementation reduced it when the lower amount of casein was provided but increased it when the greater amount of casein was supplemented (Table 3 ). The casein-N was completely available in the rumen, as evidenced by the fact that increasing the amount of supplemental casein did not increase fl ow of undegraded intake protein to the duodenum (Table 3) .
Increasing the amount of supplemental casein increased (P < 0.01) N intake ( Table 2 ), but did not affect (P = 0.18) fecal N excretion. When glucose was provided, N intake decreased (P < 0.01) because of reductions in forage intake, but fecal N excretion was not impacted.
Urinary N excretion increased (P < 0.01) as more casein was provided, and decreased (P < 0.01) when glucose was provided. The decrease in urinary N in response to glucose tended to be of greater magnitude for CAS480 than for CAS240 (casein × glucose, P = 0.07), with increases in urinary N in response to increasing casein representing 91% of the increase in N intake for GLC0 and 66% of the increase in N intake for GLC1.2.
Increasing casein supply improved N retention (P < 0.01) with the increase in N retention representing 17% of the increase in N intake. Although glucose did not directly affect N retention (P = 0.86), N retention responses to casein were numerically greater (casein × glucose, P = 0.14) when glucose was provided.
Nutrient requirements for animal growth seemed to be limited more by protein supply than by energy supply. The pattern in N retention across our treatments was more closely related to duodenal N fl ow than to total digestible OM intake, an estimate of total energy supply.
Total purine derivative excretion increased (P < 0.01) when more casein was provided (P < 0.01) as well as when glucose was added to the diet (P < 0.01), but the response to increasing casein was greater when glucose was supplemented than when it was not (casein × glucose; P = 0.02). As expected, the predicted microbial N fl ows demonstrated an interaction between casein and glucose similar to that for urinary excretion of purine derivatives. On average, the predictions of microbial N fl ow based on urinary purine derivative excretions (Chen and Gomes, 1992 ) underestimated (P < 0.01) microbial N fl ow by 24%. Additionally, the purine derivative method underestimated microbial N fl ow by a smaller margin (~9% underestimation) when glucose was provided than when glucose was not provided (~38% underestimation; glucose × method interaction, P < 0.01). The effect of glucose supplementation on the accuracy of prediction may relate to changes in N:purine of ruminal microbes due to carbohydrate source; we used the microbial N:purine values of Chen and Gomes (1992) for our estimations. 2 Predicted from urinary purine derivative excretion by using the equations of Chen and Gomes (1992) . 3 Predicted microbial N was less than measured microbial N (P < 0.01), and the difference between measured and predicted values was greater for 0 than for 1,200 g/d glucose (method × glucose treatment, P < 0.01).
4 Calculated with microbial OM = 9.56 × microbial N.
Ruminal Fermentation
Ruminal fermentation products were measured throughout the day, and average values over time are presented in Table 4 . Average ruminal pH was not different among treatments, but it was decreased by glucose supplementation 2 h after feeding (glucose × hour interaction, P = 0.01; Figure 1 ).
Glucose decreased (P < 0.01) and increasing casein increased (P < 0.01) ruminal NH 3 concentrations (Table 4) . Also, the magnitude of increase in NH 3 concentration in response to increasing casein supply was less when glucose was supplemented (casein × glucose, P < 0.01). The pattern of ruminal NH 3 concentrations over time also differed among treatments (Figure 2 ). When no supplemental glucose was provided, ruminal NH 3 concentration peaked sometime before 6 h postfeeding, but it peaked later and at a reduced concentration when glucose was provided (glucose × casein × hour, P = 0.01; Figure 2 ).
Supplemental glucose decreased ruminal acetate concentrations across all time points (Figure 1) , an observation that might refl ect reductions in fi ber fermentation. Similar reductions in ruminal acetate by glucose supplementation have been reported (Heldt et al., 1999) . Supplemental glucose caused propionate concentration to increase immediately after feeding; it then declined to pre-feeding concentrations by 10 h after feeding (Figure 1 ). Ruminal butyrate concentration was greater at 2 and 6 h after feeding when glucose was supplemented but was not affected by glucose supplementation at other sampling times (Figure 1 ).
Increasing casein supply did not affect ruminal concentrations of acetate, propionate, or butyrate (P ≥ 0.14), but it increased (P < 0.01) concentrations of isobutyrate, valerate, and isovalerate (Table 4) . Increases in isobutyrate in response to increasing casein were less when glucose was supplemented (casein × glucose interaction, P = 0.03). Supplemental glucose decreased (P < 0.01) ruminal isobutyrate and isovalerate, but increased (P < 0.01) ruminal valerate. The changes in branched-chain VFA were expected, based on previous observations (Heldt et al., 1999; Wickersham et al., 2008) , due to production from the ruminal degradation of branched-chain AA as well as increased utilization of preformed AA when NSC are provided to ruminal microbes (Russell et al., 1992) . 2 Average of values collected at 2, 6, 10, 14, 18, and 22 h after feeding. 3 Effect of glucose × sampling time (P < 0.05). 4 Effect of casein × sampling time (P < 0.05).
5 Effect of casein × glucose × sampling time (P < 0.05). 
Plasma Urea-Nitrogen
Greater amounts of casein increased (P < 0.01) plasma urea-N (PUN ; Table 5 ), which was expected in response to N supplementation (Wickersham et al., 2008) . Glucose supplementation decreased PUN (P < 0.01). Also, the increase in PUN in response to casein for GLC0 was greater than that for GLC1.2 (casein × glucose, P = 0.05), which likely refl ects that CAS480 exceeded the ruminal requirement for available N in the absence of glucose but not in the presence of glucose. Bailey et al. (2012) observed similar responses to glucose and casein supplementation, although the ranges in PUN were less in that study due to the smaller amounts of casein and glucose provided. Similarly, Kennedy et al. (1981) observed in sheep fed low-quality forage that PUN concentration decreased when sucrose was provided with or without supplemental urea, and they attributed this decrease to greater OM fermentation in the rumen and a concomitant increase in demand for ruminally available N. Treatments did not affect plasma glucose or plasma creatinine concentrations.
Urea Kinetics
Glucose did not affect urea-N entry rate (UER), gastrointestinal entry rate of urea-N (GER), the amounts of urea-N returned to the ornithine cycle, the amount of urea-N used for anabolism, or the amount of urea-N excreted in feces (P ≥ 0.53; Table 6 ), nor did glucose interact with casein level to impact these measures (P ≥ 0.36). Similar to our observations that energy supplementation did not impact urea recycling, Taniguchi et al. (1995) , working with steers fed a high-protein forage, observed that shifting the site of starch infusion from the abomasum to the rumen did not affect transfer of urea across the gut wall or total urea recycling. In that study, PUN was not affected by site of starch infusion, and the starch was infused continuously and thus had only a small effect on ruminal pH. Therefore, urea recycling in the study of Taniguchi et al. (1995) may have been regulated by mechanisms different than in the current study. In contrast to our observations that energy supplementation did not impact urea recycling, Kennedy (1980) observed increased transfer of urea to the rumen of cattle when sucrose was supplemented to a forage-based diet. Glucose was predicted to change urea kinetics because it provides an easily digested energy source for ruminal microbes and, thereby, creates a demand for additional N (Kennedy and Milligan, 1980) . However, the glucoseinduced changes in ruminal pH in the current study may not have stimulated urea transport (see below). The ruminal environment in our steers may have been impacted very differently by the once daily dosing of glucose when compared with the hourly feeding of diets containing sucrose in the work of Kennedy (1980) .
The UER increased (P = 0.03) as steers received more casein (Table 6 ). The GER as a proportion of UER decreased (P < 0.01) as more casein was supplemented. However, in response to increasing casein, the decrease in proportion of urea production that was recycled to the gut (GER/UER) did not completely offset the increase in UER such that GER numerically increased (P = 0.30) in response to increased casein supply (94 vs. 75 g/d; Table 6 ). Large variation was a contributor to this effect lacking signifi cance. Wickersham et al. (2008) reported that UER and GER linearly increased in mature beef steers as supplemental casein supply was increased. In contrast, Marini and Van Amburgh (2003) reported that UER increased as additional N was provided in the diet but that GER did not further increase when N content of the diet increased above 1.89%. 
Microbial Use of Recycled Urea-Nitrogen
A casein × glucose interaction (P = 0.05) was observed for microbial capture of recycled urea (MNU ; Table 3 ). When no glucose was provided, increasing casein from 240 to 480 g/d decreased MNU. In contrast, MNU was similar between CAS240/GLC1.2 and CAS480/GCL1.2. These observations likely refl ect an excess of ruminally available N for CAS480/GLC0, but not for the other treatments. Additional casein decreased the proportion of MNU (% of microbial N fl ow), matching observations of Marini and Van Amburgh (2003) . This likely occurred because microbes had access to a greater supply of N provided directly from the supplemental casein.
The effect of supplemental N on MNU is related to the effects of supplements on urea recycling to the rumen and on availability of N from degradable intake protein. Neutze et al. (1986) found no differences in MNU when increasing amounts of urea were provided to sheep consuming low-quality forage. In contrast, Wickersham et al. (2008) observed that MNU increased with casein supplementation and that the proportion of microbial N derived from recycled urea was constant. The different response observed by Wickersham et al. (2008) may be explained by the fact that GER increased with casein supplementation at a rate very similar to that for UER (GER/UER ≥ 95%), whereas in our study the proportion of UER that was used for GER decreased when additional casein was supplemented. In the current study, only 43% of the increase in UER in response to increasing casein supplementation was recycled to the gut. On the basis of ruminal NH 3 concentrations, Wickersham et al. (2008) noted greater N defi cits than in the current study, which would allow more complete capture of additional ruminally available N by ruminal microbes.
Increasing casein supplementation decreased (P = 0.02) the percentage of microbial N fl ow that was derived from recycled urea, refl ecting the decrease of MNU in response to increased casein for GLC0 and the increase in microbial N fl ow for GLC1.2. Increasing casein also decreased (P = 0.01) the percentages of UER and of GER that were captured by ruminal microbes, largely due to the increases in UER and GER in response to casein.
Renal Clearance
Creatinine and urea clearances by the kidneys were measured to assess renal salvage of urea. Renal creatinine clearance was greater (P = 0.03) for CAS480 than for CAS240 (Table 5) . Urea clearance increased (P ≤ 0.01) with increasing casein and with provision of glucose. Marini and Van Amburgh (2003) observed that 47% of urea fi ltered by the kidney was reabsorbed when heifers were fed a low protein diet (1.45% N) and that reabsorption decreased to 8% as dietary N content increased to 3.40%. In comparison, in the current study, reabsorption of urea for CAS240 was 58% and that for CAS480 was 35%. Sunny et al. (2007) found that renal salvage of urea was highly dependent on PUN concentration in sheep. Our responses to casein in terms of renal urea salvage were expected because PUN concentration increased as more casein was provided. Surprisingly, glucose did not have a signifi cant effect on fractional renal salvage of urea even UER = urea-N entry rate; UUE = urinary urea-N elimination; GER = gastrointestinal entry rate; ROC = urea-N returned to ornithine cycle; UUA = urea-N utilized for anabolism; UFE = urea-N excreted in feces.
2 Largest values among treatments are reported.
though it depressed PUN concentration. Perhaps this was due to less urea being fi ltered when glucose was supplemented, as evidenced by similar creatinine clearance volumes but reduced PUN when glucose was supplemented. This situation would have eliminated the physiological need for a reduction in fractional salvage.
Effects of Cattle Maturity
A similar study (Bailey et al., 2012) was conducted with these steers when they were less mature. There were 2 major differences between trials: animal BW (208 vs. 391 kg) and amount of supplementation. Supplement size was twice as large in this study as in Bailey et al. (2012) , but forage intake (kg/d) did not differ greatly between trials. Therefore, the proportion of total intake comprised by supplements was greater in this study. In the study of Bailey et al. (2012) , supplemental casein provided 31 to 51% of total N intake, whereas casein provided 51 to 71% of total N intake in the current study.
The effi ciency with which supplemental N was utilized was greater for the younger steers of Bailey et al. (2012) than for the more mature steers in this study. The increase in N retention in response to increasing supplemental casein was only 5.9 g/d when casein supply increased by 34.5 g N/d in this study; in younger steers, there was a 9.7 g/d increase in N retention when casein supply increased by 16.7 g N/d. This decreased effi ciency of supplemental N utilization for deposition by the more mature steers might be attributable to physiological differences, but it also might be related to the greater amounts of casein provided because marginal effi ciencies typically decrease as supply increases. In younger steers (Bailey et al., 2012) , UER was not responsive to casein supplementation, which may have been due to effi cient use of supplemental N for protein deposition. In contrast, UER was responsive to increasing casein in the older steers. The greatest amount of casein supplied to the younger steers was 240 g/d, and it is possible that urea production in younger steers may have been responsive to casein supplements greater than 240 g/d, as was observed with the older steers.
One identical treatment was applied in both studies: CAS240/GLC0. For this treatment, forage OM intake (4.4 vs. 4.2 kg/d), N intake (68.5 vs. 76.5 g/d), and duodenal N fl ow (73.4 vs. 72.2 g/d) were similar between the 2 experiments, which allowed for a reasonable comparison of the results. The mature steers in this trial produced more urea-N (88.0 vs. 55.3 g N/d) and recycled more of it to the gut (73.7 vs. 42.9 g N/d) than the less mature steers. A portion of the greater production (and subsequent recycling) of urea can be attributed to less retention of N in the tissues of more mature steers (7.6 vs. 19.8 g/d) . In addition, ruminal NH 3 concentrations of steers receiving CAS240/GLC0 were less for the older steers than the younger steers (3.7 vs. 7.0 mM), which likely refl ects slightly greater protein content of the forage fed to the younger steers. As expected from the lower ruminal NH 3 concentrations and greater GER, ruminal microbes of the older steers in this study captured more (18.7 vs. 8.7 g N/d) recycled urea-N than the younger steers in Bailey et al. (2012) . Overall, steers seemed to recycle more urea to meet ruminal N needs as maturity increased.
Conclusions
Providing glucose to steers consuming low-quality forage decreased forage intake and digestion via mechanisms that could not be corrected by increased supplementation of degradable intake protein. Providing increasing amounts of degradable intake protein increased urea production and recycling to the gut but decreased the proportion of urea production that was recycled to the gut. Providing N in excess of ruminal requirements decreased MNU, but MNU was not changed when ruminally available NSC was provided under conditions of adequate ruminally available N. More work is needed to identify how ruminal pH and dietary protein supply impact mechanisms associated with urea recycling.
